IT is well known that the transfer of the gaze from one point to another, where the points are separated by large angles, is not accomplished in a single smooth movement. An investigation by Lord and Wright (1949) of movements of angles of 50 and less has shown that the same is true of smaller angles. In the present paper a detailed investigation of the small eye movements which occur when the gaze is transferred from one fixation point to another is described.
IT is well known that the transfer of the gaze from one point to another, where the points are separated by large angles, is not accomplished in a single smooth movement. An investigation by Lord and Wright (1949) of movements of angles of 50 and less has shown that the same is true of smaller angles. In the present paper a detailed investigation of the small eye movements which occur when the gaze is transferred from one fixation point to another is described.
The work arose out of and employed the same method as an investigation of the small involuntary movements which occur when the subject keeps his gaze as steady as possible (Ditchburn and Ginsborg, 1953) . The experiments were carried out on two subjects (B.L.G. and D.M.M.) and were concerned with angular movements from 20-min. arc to 4°. Results are reported for the time sequence and angular pattern of the eye movements and for the reaction time of the eye.
Methods
The subjects were seated in a medical examination chair which provided support for the head and neck. The head was immobilized by biting on a rigidly mounted dental impression mouthpiece. The fixation targets were 450 cm. from the subjects' eyes and consisted of bright spots (about 0 *02 c.p.) each subtending 2-min. arc at the eye.
The subjects wore contact lenses on which small plane mirrors had been worked (Ginsborg and Heavens, 1951) . A fixed incident beam was directed on to each mirror and the reflected beam was directed on to continuously moving photographic paper. When the contact lens rotated through a small angle, the reflected beamwas rotated through twice that angle. A continuous record of the rotations of the contact lenses could therefore be obtained. Provided there is no relative movement between the contact lens and the eye, this record then allows the movements of the eye to be deduced.
The optical system used in the first series of experiments (Method A) is shown diagrammatically in Fig. 1 (opposite) .
I is the source of illumination (a high-pressure mercury arc) which is focused by the lens L, (Ditchburn and Ginsborg, 1953) that the contact lens moves precisely with the eye. It is nevertheless clearly desirable to obtain direct evidence by comparing the rotation of the contact lens, as deduced from the records, with the known angular separation of the fixation targets A and B. The procedure adopted was as follows:
The subject fixated on a point A for 10 sec. and a continuous record was taken for this period using Method A. The camera was then stopped and restarted at a signal from the subject that he was fixating on point B. The angular separation of A and B varied between 20-min. arc and a 40 arc. In some experiments the subject removed his head from the dental impression mouthpiece and relaxed between recordings of fixation on A and B.
In all cases the mean separation of the traces agreed with the angular separation of the fixation points to ± 3-min. arc. During fixation the eye moves ± 10-min. arc around a central point. The above results thus provide confirmation that there is no relative movement between contact lens and eye, at least up to an angle of 4°.
IIA. Time Sequence of Small Eye Movements.-In order to investigate the time sequence of small eye movements, continuous records (Method A) were taken for periods of about 10 sec.:
The subject fixated on point A for 5 sec., rapidly transferred his gaze to point B, and fixated on the latter for a further 5 sec. A selector switch, controlled either by the subject or an assistant, extinguished point A and illuminated point B simultaneously. The angular separation of A and B was again varied between 20-min. arc and 40 arc.
The general behaviour of the eye for angles between 1PAK, as deduced from records of the components of the movements, is shown in Fig. 2a , b, c (opposite). The movement starts as a sharp saccade carrying the eye through an angle which varies from half the angular separation of A and B to an angle slightly greater than the angular separation between A and B. So far as can be seen from these records, the saccade occurs in three stages:
There is a period of acceleration to a maximum speed, this speed is maintained for a further period and finally there is a period of deceleration.
The mean velocity of rotation during the saccade varies with the excursion involved, increasing with larger excursions (Fig. 3, opposite) Where no marked undershoot or overshoot has occurred, and, in most cases, for movements smaller than about 10, the transfer of fixation is accomplished by a single saccade followed by the gradual drifting movement as described above.
In binocular vision (Fig. 4) Fig. 5(a) illustrates the type of record obtained when the subject fixates successively on three points (A, B, and C) at the apices of a right-angled triangle. In this case the subject momentarily exposed the recording beam, using the hand as a shutter, when he believed he had achieved satisfactory fixation on each point in turn.
Figs 5 (b) and 5 (c) illustrate records taken when the subject fixated on each of three points at the apices of a triangle, transferring his gaze as rapidly as possible between each fixation, but maintaining his gaze on each point until he was satisfied he was fixating correctly. It can be seen that the first saccade carries the eye in a straight path, which, however, is not in a line joining the fixation points. The drifting movement which occurs at the end of the first saccade appears as a more intense trace. In upward oblique movements this drift occurs in a characteristically curved path. Figs 5 (d) and 5 (e) were obtained when the gaze was transferred between two points on a horizontal line, and two points on a vertical line. It is clear that in this type of experiment, where the eye moves from point to point, the subject does not fixate as accurately as is possible during prolonged fixation on a single target, although he is satisfied subjectively that he has transferred his gaze to the new fixation point. This observation is confirmed by the continuous component records described above.
III. " Accuracy " of Direction of Fixation after Larger Eye Movements.-A comparison of the experiments described in Section I with those in Sections IIA and IIB shows that if the subject is allowed an indefinite time to fix his gaze on a target, the image falls on a small and definite area of the fovea. Nevertheless, subjectively satisfactory fixation is obtained, although the image falls outside this region. In order to extend observations of this phenomenon, the following series of experiments were carried out using Method A.
The subject fixated on a point separated from the final fixation point by an angle of 20°-30°. The initial fixation point was then extinguished and the subject kept his gaze as steady as possible, in total darkness. After a short period, the final fixation point was illuminated together with a time mark on the record. In order to maintain the sensitivity of recording only the terminal portion of the movement was recorded.
The angular separation between the visual axis, when the subject first considered fixation satisfactory and final direction of fixation was about 1°A fter this time the subject was, on most occasions, not conscious that further eye movement was occurring. Nevertheless a gradual drift did take place, until finally the mean position of the visual axis was within ± 3 min. are of the calculated direction for fixation on the final target. The times taken for the movements in one series of experiments are given in the Table. The times taken for the major portion of the movement cannot be deduced from those quoted in the Table, since these include the reaction time of the eye, i.e. the time between the onset of illumination and the beginning of the movement. The experiments concerned with the measurement of this time are described in the next section.
IV. Reaction Time of the Eye.-The reaction time of the eye for measurements up to 40 was measured for subject B.L.G. by-usiIlg Method A. The subject fixated on Target A, and after a small random number of seconds an assistant operated a switch which simultaneously extinguished Target A, exposed Target B, and imposed a time trace on the eye-movement record. The interval which elapsed between the exposure of Target B and the eye movement towards it was variable. On some occasions the subject was conscious of a delay, and the records confirmed that an interval considerably larger than the minimum reaction time had elapsed. This minimum time was 0 14 sec., a period almost identical with the minimum time between two saccades when a voluntary transfer of the gaze occurs in more than one stage. In some of the records a small non-saccadic movement of the eye was observed about 60 msec. after the exposure of the second target. This movement was less marked or absent when the time marker was not used.
Both the selector switch and the time marker were not completely silent, the time marker being noisier than the selector switch alone. It therefore seems possible that the non-saccadic movement is a response to the auditory signal involved in the change of target.
Discussion
The recording of small eye movements by sensitive methods has been directed almost entirely to the study of their effects on visual perception. The present paper for example reports part of a larger investigation with a twofold aim:
(a) to examine the involuntary movements of the eye which occur when a subject attempts to keep his gaze fixed.
(b) to study the effect of eliminating movements of the visual image relative to the retina.
The method of investigation involved the use of a contact lens, and clearly the validity of the results which were obtained depends in the first place on the precision with which the contact lens moved together with the subject's eye. The results reported here offer no evidence to suggest that the contact lens moves independently of the eye. In fact, the experiments reported in Section 1 constitute positive evidence that the lens moves with the eye with a high degree of precision.
The records of involuntary movements during fixation show that the visual image can be maintained on a fixed region of the fovea about 100 g in diameter.
When the gaze is transferred to a second point, the new visual image eventually falls on and is maintained on this same region of the fovea. It might therefore be thought that subjectively adequate fixation occurs only when the image falls on this region. The experiments described in Section II show that this is not the case, which suggests that two separate processes are involved in the movement of the visual axis towards a fixation point. The first process is concerned with establishing the visual image within the central 10 region of the fovea. This is achieved by one or more saccades, the interval between saccades never being less than the minimum reaction time of the eye. The second of two saccades is therefore comparable to the reflex response to the exposure of a new visual stimulus. Shortly after the end of the first process, the subject has a sense of adequate fixation. Moreover, voluntary movements between two fixation points may be carried out at a frequency of about 2 per sec. The maximum time for fixation on each of these points during such a process must be less than 0 5 sec. The results given in Section III suggest that this period would not allow " accurate" fixation. Nevertheless with prolonged periods, the eye employs greater " accuracy of fixation ", and a second process establishes the visual image on the central 20 min. arc of the fovea.
The double process in establishing the visual image on the central region of the fovea after a transfer of the gaze might be explained on the basis of the structure of the retina. The information transmitted to the brain, which determines the size of the initial saccade, must be based on the distance between the central region and the point on the retina on which the eccentric image falls. But it is well known that as one proceeds outwards from the fovea along the retina the number of receptors associated with a single ganglion cell, and hence with a single nerve fibre, increases considerably. No definite
